Introduction 4
Arsenic and Fcontamination of water resources are rapidly spreading globally, 5 necessitating an urgent need to provide safe drinking water to these areas. Drinking water 5 nearby areas where F concentrations are also high. This project examines the potential to 1 use the Haix-Zr and Haix-Fe-Zr resin beads at this site and nearby sites. Although the 2 adsorption HAIX-Zr and HAIX-Fe resin beads have been investigated in other studies 3 (Ramana and SenGupta, 1992; Padungthon et al., 2014 Padungthon et al., , 2015 , this is the first time the new 4 hybrid HAIX-Fe-Zr resin beads have been investigated in the removal of As and F. As and F 5 contaminated groundwater is a crisis in Asia, especially in India (Ravenscroft et al., 2005; 6 Bhattacharya et al., 2007; Bundschuh, 2012) and is a growing world-wide concern (Berg et 7 al., 2007; Stanger et al., 2005; Bearak, 1998) . The HAIX range of resin beads have 8 demonstrated great promise in removing As and F from drinking water, especially in 9 community based programmes, such as Drinkwell, where residents of villages are trained to 10 run the treatment plants and in larger commercial plants in the USA (SenGupta, 2017) .
11
Additionally, these beads can be regenerated; therefore, they are a sustainable option for 12 remediating As and F contaminated groundwater. However, more research is need in 13 examining other hybrid HAIX resin beads, such as HAIX-Fe-Zr, in removing As and F. The within/through the ion exchange bead (Figure 1d ). These nano-sized HZrO particles are 20 responsible for the efficient removal of As and F -. This anion exchanger has a positively 21 charged quaternary ammonium functional group, on which anionic ligands such as As(V) and Fcan be absorbed. Water contaminated with Fand As flows through nano-sized pores 23 within the beads (Figure 1d ), where the nano-Zr oxide particles are dispersed. Large amounts 7 of As and Fcan be absorbed onto and within the beads due to the high surface area created 1 by their macro porosity similarly to Haix-Fe-Zr resin beads. Waltham, MA, USA) employing argon as the cell gas for total Ca, Na, Si, Mg, and Na. Manchester, UK). As(III), As(V) and fluoride were measured in triplicate. The amount of 11 As and Fsorbed onto the resins were calculated by the difference between the amounts added 12 and/or already present in the water and that left in solution after equilibrium. Percent removal 13 of As and Fwas calculated as:
where Co is the initial concentration, Ce is the new concentration. Kinetic data for As(III), As(V) and Fwere fitted in zero order, first order, second order, and 20 parabolic diffusion equation (PDE) models in order to examine the arsenic and fluoride desorption 21 mechanisms. The equations are given below. The best fit model was determined by the values of 22 determination coefficients (R 2 ) and standard errors (SE). 23
Zero order:
First order:
25
Second order:
Parabolic diffusion equation:
where C is adsorbed pollutant (As(III), As(V) or F -) at any time, C max is the maximum amount of 2 contaminant adsorbed from the solution, t is the time, A is the parameter of the equations, k is the 3 constant, and D is the diffusion constant. The R 2 and model parameters were calculated using 4 linear regression. MS Excel was used for the calculation. 
Haix-Fe-Zr Resin Bead Performance 11
This study shows that Haix-Fe-Zr resin beads which are loaded with HFOs and 12 HZrOs, were effective in removing As(III) and As(V) from the arsenic spiked groundwater, 13 with a greater and more rapid removal of As(V) compared to As(III). As reported by Salker Haix-Fe-Zr resin beads, As(V) concentrations decreased from 215g/L to 33.88g/L ( Figure   21 2a), resulting in an 84.24% removal of As(V) from the groundwater (Figure 2b ).
22
Additionally, after 8 hours of shaking, the As(V) concentrations decreased to 6.37g/L which 23 is below the WHO drinking water standards for arsenic at 10g/L, resulting in a 97.04%
24
As(V) removed from the groundwater. After 1 week of shaking, As(V) concentrations 25 decreased to 2.31g/L in the groundwater with a 98.92% removal of As(V). Concentrations of As(III) decreased from 219.8g/L to 41.42g/L with an 81.16% removal of As(III) from 1 the groundwater, after 4 hours of shaking the As(III) spiked groundwater with Haix-Fe-Zr 2 resin beads. After 24 hours and 1 week of shaking, As(III) concentrations decreased to 3 8.37g/L with a 96.19% removal of As(III), and 2.26g/L with a 98.97% removal of As(III) 4 from groundwater, respectively. and >95% As(III), respectively, were removed from the water (Jiang et al., 2013) . Field and 24 household trials were also carried-out on these techniques which showed promise and a cost 12 saving methods for removing As from drinking water; however, the Haix resin beads still out 1 performed these methods (Sarkar et al, 2008) . Adsorption treatments using iron based 2 sorbents (van Geen, et al., 2003) and layered double hydroxides (LDH) (Grover et al., 2009) 3 are also reported to remove up to 98% As and 96% (AsV), respectively, from groundwater 4 (Jiang et al., 2013). 
Haix-Zr Resin Bead Performance 24
In this study, concentrations of Fin the spiked groundwater decreased from 6.27mg/L 25 to 1.425mg/L after 20 minutes of shaking with Haix-Zr resin beads (Figure 3a) where 77.27% 26 13 Fwas removed (Figure 3b ). After 2 hours of shaking the groundwater with Haix-Zr resin 1 beads, Fconcentrations decreased to 0.58 mg/L with a 90.77% removal. Fluoride continued 2 to decrease in concentration over time to 0.26 mg/L with a 95.87% removal after 24 hours of 3 shaking.
4
The main issues with adsorbents that remove fluoride, as well as arsenic and other 5 contaminants from water, are the lack of robustness and the inability to undergo multiple The kinetic data were modeled using the rate reaction equations and the PDE to 1 evaluate the adsorption mechanism of the contaminants onto the Haix Fe-Zr and Haix-Zr 2 ( Table 1) . The R 2 values obtained from the equations were generally higher for the PDE 3 followed by the first order equation for the arsenic spiked groundwater treated with Haix-Fe-4 Zr and Haix-Zr resin beads (Table 1; Figure 4a-d) . However, the R 2 value for As(III) spiked and Johnson 1987). In the current study, the adsorption of As(III) and As(V) onto resin beads 10 may be controlled by the film diffusion at earlier stages and then, as the adsorbent particles 11 are loaded with the pollutant ions, the adsorption process may then be controlled by the intra-12 particle diffusion. The k value can be obtained from the slope of the plot C/C max vs t 1/2 .
13
According to Vadivelan and Kumar (2005) and Weng and Pan (2006) , strong correlation to 14 PDE suggests that the adsorption process proceeds by surface adsorption followed by intra-15 particle diffusion. Calculated values of intra-particle diffusion coefficient, (or Reaction Rate 16 k), given in Table 1 , increase with the increase in the adsorption. This is attributed to the 17 instantaneous utilization of the most readily available adsorption sites on the resin surfaces.
18
The better fit with the PDE model, compared to the other kinetic models in this study, 19 is supported by the macro-porous morphology of the resin beads which allows for the 20 contaminated groundwater to move through the beads and the distribution of the nano-sized study reveals Na + along with Fadsorbed onto the beads (Supporting Information- Figure 2s ).
10
The Na + from the NaF sorbed onto the resin beads revealing the Na + could be a competing 11 ion for exchange site on the resin beads under these neutral pH groundwater conditions. and Haix-Zr resin beads best fit the PDE suggesting that adsorption of As and Fwere 4 consistent with inter-particle diffusion. Tressaud, A., (Ed.), Advances in Fluorine Science, Fluorine and the Environment, 37 Agrochemicals, Archaeology, Green Chemistry & Water, vol. 2, Elsevier, 2006. 38 39 Vadivelan, V., Kumar, K.V., 2005. Equilibrium, kinetics, mechanism, and process design for 40 the sorption of methylene blue onto rice husk. J. Colloid Interface Sci. 286(1), 90-100.
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